In order to examine temporal variations of the surface oceanic and atmospheric fCO2 and the DIC concentration, we analyzed air and seawater samples collected during the period in the northwestern North Pacific, about 30 km off the coast of the main island of Japan. The atmospheric COz concentration has increased secularly at a rate of 1.9 ppmv yr q, and it showed a clear seasonal cycle with a maximum in spring and a minimum late in summer, produced mainly by seasonally-dependent terrestrial biospheric activities. DIC also showed a prominent seasonal cycle in the surface ocean; the minimum and maximum values of the cycle appeared in early fall and in early spring, respectively, due primarily to the seasonally-dependent activities of marine biota and partly to the vertical mixing of seawater and the coastal upwelllng. The oceanic fCO2 values were almost always lower than those of the atmospheric fCO2, suggesting that this area of the ocean acts as a sink for atmospheric CO2. Values varied seasonally, mainly reflecting seasonal changes of SST and DIC, with a secular increase at a rate of 3.7/zatm yr "q. The average values of the annual net COz flux between the ocean and the atmosphere calculated by using the different bulk equations ranged between -0.8 and -1.7 mol m-2yr -t, and its magnitude was enhanced and reduced late in spring and mid-summer, respectively, due mainly to the seasonally varying oceanic fCO2.
Introduction
Carbon dioxide (CO2) is well known as a major greenhouse gas, and its atmospheric concentration has increased over the last 250 years (Neftel et al., 1985; Etheridge et al., 1996) due to human activities such as fossil fuel combustion and deforestation. However, the global carbon cycle is not yet fully understood. To solve this problem, it is crucial to increase our quantitative understanding of the role of the ocean in the carbon cycle. For this purpose, it is necessary to obtain systematic, extensive measurements of the CO2 fugacity (fCO2) in the surface ocean and in the atmosphere. Measurements of dissolved inorganic carbon (DIC) concentration and its carbon isotopic ratio (o ~ 3C) would also be useful.
From direct measurements of the atmospheric CO2 concentration at many places around the world (Pearman and Beardsmore, 1984; Beardsmore and Pearman, 1987; Keeling et al., 1989 Keeling et al., , 1995 Trivett et al., 1989; Conway et al., 1994; Nakazawa et al., 1991 Nakazawa et al., , 1993a Nakazawa et al., , 1997a , the atmospheric fCO2 is expected to show seasonal cycle, secular increase and interannual variation. To investigate the causes of these variations, as well as to separate the CO2 flux be-tween the atmosphere and the ocean from that between the atmosphere and the terrestrial biosphere, measurements of 813C in atmospheric CO2 are indispensable (Pearman and Hyson, 1986; Tans et al., 1989; Keeling et al., 1989 Keeling et al., , 1995 Nakazawa et al., 1993a Nakazawa et al., , 1997a Francey et al., 1995) .
Measurements of the surface oceanic fCO2 have been carried out by many investigators (Wong and Chan, 1991; Takahashi etal., 1993; Metzel etal., 1995; Inoueetal., 1995; Wong et al., 1995a, b) . From these measurements, it was found that the fCO2 varies mainly due to changes in the sea surface temperature (SST) and DIC concentration; the DIC concentration in turn varies mainly due to marine biospheric activities, vertical mixing and horizontal transport of seawater, as well as due to the secular increase from the absorption of anthropogenic CO2. The DIC concentration and its 813C are expected to be increased and decreased secularly by the absorption of isotopically light anthropogenic CO2, although the relative degree of the DIC increase is smaller than that of fCO2 due to the buffer effect (Revelle and Suess, 1956; Sundquist et al., 1979) . Indeed, Quay et al. (1992) have tried to estimate the recent budget of anthropogenic CO2 by using their measured values of the DIC Copyright 9 The Oceanographic Society of Japan.
concentration and its o ~ 3C. However, our knowledge of the spatial and temporal distributions of fCO2, DIC and o~3C is still insufficient. Measurements of these variables are much more sparse in the southern hemisphere than in the northern hemisphere and in cold seasons than in warm seasons (Tans et al., 1990; Landrum et al., 1996) .
To examine the temporal variations of the surface oceanic and atmospheric fCO2, DIC and o~3C in detail, air and seawater samples were regularly collected in the northwestern North Pacific for 5 years from May 1992 to June 1996, and then analyzed for these components. In this paper we report the results obtained from our measurements and discuss them, especially in terms of the seasonal cycle. We also calculate the CO2 flux between the ocean and the atmosphere from the measured values of fCO2 in air and water.
Experimental Procedures
In this study we collected samples of ambient air, seawater and air equilibrated with oceanic CO2 at a naturalgas-drilling platform in the northwestern North Pacific, about 30 km off the coast of Iwaki, Japan (37 ~ 18' N, 141 ~ E), once a month during the period May 1992-June 1996. The location of the platform is shown in Fig. 1 . The sea depth near the platform is about 154 m. Published reports state that the water mass structure of the North Pacific off the coast of the northeastern part of Japan is rather complicated due to the influence of the Kuroshio Current and the Oyashio Current (Kawai, 1972; Hasunuma, 1978) . In fact, our sampling site is generally located in the Kuroshio Current System, and the Oyashio First Branch sometimes reaches the site from the north in late spring (JMA, 1992; JMA, 1993 JMA, -1996 Fukushima Pref. Fish. Exp. St., 1992a -1996a . Figure 2 shows the variations of seawater temperature and salinity observed at several depths near the our sampling site (Fukushima Pref. Fish. Exp. St., 1992b -1996b . As this figure shows, the ocean is well mixed from November to April and begins to stratify in April. The subsurface seawater temperatures vary seasonally, On the other hand, the measured values of salinity are variable with time, showing no clear seasonal cycles, in contrast to seawater temperatures. The figure also shows that salinity in surface seawater is decreased especially in summer, reflecting the influence of precipitation.
For individual components of ambient air, seawater and air equilibrated with oceanic CO2, samples were collected 5 times a day for 3--4 successive days of each month, the total number of the samples for each component being 15-20. Air samples were taken from an intake on the windward side of the platform, approximately 22 m above the sea surface, and pumped into 550 ml Pyrex glass flasks to a pressure of 2.0 x 105 Pa by using an electric diaphragm pump. The flasks used were cylindrical, with O-ring stopcocks at both ends. In order to minimize possible deterioration of the samples during storage, the flasks were washed in an ultrasonic cleaner filled with purified water and then evacuated to below 0.13 Pa at 100~ for 6 hours before sampling air.
The air samples equilibrated with oceanic COz were obtained using a shower-type equilibrator with volume of about 3 1. Seawater was continuously pumped up at 10 1 min -1 from about 30 m below the sea surface and into the 
